Abrupt changes in luminance trigger and restrict brightness Wlling-in. If brightness was actively Wlled-in and mediated by cells signaling both luminance borders and surface brightness, then brightness spreading could also get disrupted by changes in texture. We measured psychophysically the brightness of a uniform luminance disk, which was segmented into two parts by diVerent textures. The brightness of the central part of the disk was substantially reduced, and the reduction depended on spatial frequency, but not on the orientation diVerence between the textures. The results show that texture borders are able to block brightness Wlling-in. The bandwidth of brightness spreading was estimated to be »1.5 octaves. This suggests that brightness information spreads only between neurons of similar spatial frequency characteristics.
Introduction
DiVerent approaches to surface brightness perception range from low-level mechanisms to cognitive factors; brightness is explained by local energy computation (Morrone & Burr, 1988) , spatial Wltering and contrast normalization (Blakeslee & McCourt, 2004) , ampliWcation of the low spatial frequencies (Dakin & Bex, 2003) , spatial Wltering and brightness descriptions (Kingdom & Moulden, 1992; Watt & Morgan, 1985) , edge integration (Land & McCann, 1971; Ross & Pessoa, 2000) , junction analysis (Adelson, 1993; Anderson, 1997; Todorovic, 1997) , surround articulation (Schirillo & Shevell, 1996; Shevell & Wei, 1998) , transparency and layered image representations (Anderson, 1997; Anderson & Winaver, 2005) , and anchoring of lightness values (Gilchrist et al., 1999 ). Yet another set of brightness models study the spreading of border contrast, or brightness Wlling-in (Arrington, 1996; Cohen & Grossberg, 1984; Gerrits & Vendrik, 1970; Grossberg & Todorovic, 1988; Pessoa, Mignolla, & Neumann, 1995; Rudd & Arrington, 2001; Rudd & Zemach, 2005) .
As a phenomenon, Wlling-in has been demonstrated both physiologically and behaviorally. Physiological studies have shown spatial extensions of the receptive Welds. In single cell recordings, after retinal lesion, the activation at LGN (Eysel, Gonzalez-Aguilar, & Mayer, 1981) and V1 (Gilbert & Wiesel, 1992) has been found to spread to the cells innervated by the damaged retinal area. During a few minutes after the lesion, the cells in V1 expand their receptive Welds to cover the area of retinal lesion (Gilbert & Wiesel, 1992) or artiWcial scotoma (Pettet & Gilbert, 1992) . Several psychophysical studies have shown time-dependent changes in the appearance of diVerent kind of stimuli. Color, texture and brightness of the surround Wll-in the blind spot (Ramachandran, 1992) , artiWcial scotomas (Ramachandran & Gregory, 1991) and real scotomas in the retina (Gerrits & Timmerman, 1969) . When the border between the center and the surround is retinally stabilized, the surrounding color spreads to the center (Gerrits, De Haan, & Vendrik, 1966; Krauskopf, 1963) . If the stimulus enables many Wgure-ground organizations, Wlling-in can occur in diVerent modes and phases, e.g., Wrst the color of the surround spreads to the center, and then the color of another surround Wlls the entire stimulus (Hamburger, Prior, Sarris, & Spillmann, 2006) . By using psychophysical methods, Paradiso and Hahn (1996) found that when the luminance of a uniform disk is temporally modulated, the brightness of the disk appears spatially non-uniform: brightness seems to spread from the borders inwards to the center and lags behind the luminance variation. The time scales of brightness induction caused by temporal modulation of square wave grating and Craik-O'Brien-Cornsweet grating (Davey, Maddess, & Srinivasan, 1998) are consistent with the idea of brightness spreading. Paradiso and Nakayama (1991) used forward and backward masking and found that when Xashing a luminance ring brieXy after stimulus onset within the stimulus area, the brightness within the area enclosed by the ring appeared reduced. These Wndings suggest that brightness indeed does spread from the luminance borders towards the center and that the spreading can be blocked by a new luminance border.
In single cell recordings, the response of some of the simple or complex cells in the primary visual cortex seems to correspond to the brightness of a spatially unmodulated luminance Weld, which is much larger than the classical receptive Weld (CRF) of the cell, when the luminance of the surround is temporally modulated (Hung, Ramsden, Chen, & Roe, 2001; Kinoshita & Komatsu, 2001; MacEvoy, Kim, & Paradiso, 1998; Rossi & Paradiso, 1999; Rossi, Rittenhouse, & Paradiso, 1996) . This suggests that the same cells in the visual cortex are able to signal information on diVerent stimulus properties, e.g., luminance borders and surface brightness.
In psychophysical masking studies we have previously presented data that suggests spatial frequency speciWc mechanism in brightness perception (Peromaa & Laurinen, 2004; Salmela & Laurinen, 2005) . Furthermore, the narrow and bandpass tuning function of brightness polarity identiWcation did not scale to stimulus size (Salmela & Laurinen, 2005) . This supports edge-based models of brightness perception instead of matched Wlter type of processing. Here we further investigate the low-level mechanisms of brightness perception and ask whether there is some kind of neural activation spreading and mediating brightness information, and whether this mechanism is spatial frequency speciWc.
If brightness was actively Wlled-in and mediated by cells signaling both luminance borders and surface brightness, then brightness spreading should get disrupted or even stopped, not only by luminance borders but also by some other kind of external activation of those cells. To test this idea, we introduced textures and texture borders (spatial frequency or orientation contrast with no average luminance contrast) within a large uniform luminance patch, and measured psychophysically the apparent brightness of the subregion of the patch inside the introduced texture border (Fig. 1) . All of the stimulus manipulations are made within the luminance patch and the mean luminance of the patch is always kept constant. As there is no luminance border segregating the parts of the patch, according to any current model (known to us), the texture borders should have no eVect on brightness. However, if the "brightness cells" were driven or modulated by a border-triggered brightness signal traveling towards the center, the diVerence between textures would disturb brightness perception dramatically.
Methods

Subjects
Three subjects, one of the authors (V.S.) and two subjects naïve to the purpose of the study, participated in the experiments. Subjects had normal or corrected to normal vision.
Equipment
All the experiments were conducted in a Vision Works ™ 3-environment with a linearized 21-in Eizo FlexScan F980. The system had 15-bit grayscale resolution. The mean luminance of the display was 33 cd/m 2 . The image area on the display was 25 £ 33 cm, subtending 12.5 £ 16.5 deg of visual angle at the viewing distance of 114 cm.
Stimuli
The standard stimulus was an incremental circular disk (diameter 6 deg) of uniform luminance (10% contrast; 36.3 cd/m 2 ) on a gray background (33 cd/m 2 ). The disk was either spatially unmodulated ( Fig. 1A ) or consisted of a uniform texture composed of band-pass Wltered white noise (Fig. 1B) . Alternatively, the disk was segmented by texture into two parts: a circular central patch (diameter 3 deg) and an annular outer ring (inner diameter 3 deg; outer diameter 6 deg). In each case, the textures used had the same mean luminance (36.3 cd/m 2 ) as the unmodulated disk. In the case of the segmented disk, either the central patch or the outer ring was spatially unmodulated (no texture) ( Fig. 1C and D) ; or both segments had a texture with diVerent mean spatial frequencies ( Fig. 1E and F) ; or both segments had a texture with the same mean spatial frequency (SF), but were separated by a phase diVerence (Fig. 1G ). The mean SF content of the outer ring was 0.0, 1.5, 3.0 or 7.5 c/deg and the SF content of the central patch was varied (0-10.0 c/deg). The bandwidths of the SF textures were one octave, except in one condition in which the surround bandwidth was 4 octaves, and the bandwidth of the center was either 0.5 or 1 octaves. In addition, similar stimulus conWgurations were constructed using textures composed of two octave SF band (center at 3 c/deg) and narrow orientation band (1, 10 or 30 deg). In all conditions, the RMS contrast of the texture was 0.2. The stimulus and the texture were interlaced in alternate frames at 160 Hz. To decrease the duration of the experiment, one sample of noise texture was used for calculating each psychometric function. As a control, one subject repeated several measurements with a setup in which a new texture was used in every trial.
Procedure
The perceived brightness of the central patch (and the brightness of the annular ring under one condition) was measured with the method of constant stimuli as a function of the spatial frequency of the texture (0.0-10.0 c/deg). The standard stimulus was on the left side of the screen and the comparison disk was on the right side ( Fig. 1H and I) . The comparison disk was identical to the central patch of the standard stimulus, except in control condition in which the comparison disk was unmodulated, had lower contrast (0.1) or had lower contrast (0.1) and diVerent SF content (5.25 c/deg). The mean luminance of the comparison disk was varied (31-40 cd/m 2 ). The subjects' task was to determine which one of the disks appeared darker (i.e., which one of the disk appears as having lower mean luminance). The point of subjective equality (PSE) corresponding to the 50% point of the psychometric function was used as a measure of perceived brightness. Seven luminance levels were used and each stimulus was repeated 15 times; thus, each data point in the results is based on 105 trials. Stimulus duration was 1 s and the order of stimuli was randomized. Measurements were done in a dim room, and the viewing distance was held constant with a chin-rest. Responses were given with a computer keyboard. Psychometric functions (cumulative Gaussian) were Wtted using the maximum-likelihood method implemented in psigniWt toolbox version 2.5.41 for Matlab (http:/bootstrap-software.org/psigniWt/) (Wichmann & Hill, 2001a) . ConWdence intervals, corresponding to the cumulative probability levels of 0.16-0.84 were estimated by the expanded, bias corrected bootstrap method (Wichmann & Hill, 2001b) .
Results
Brightness matches of the unmodulated (Fig. 1A) and modulated (Fig. 1B) homogenous disks were approximately veridical (Fig. 2) . As a control, the brightness of the modulated homogenous disk was also measured with nonidentical comparison disks. The non-identical comparison disk was unmodulated, had lower contrast or had lower contrast and diVerent SF content. The brightness matches were roughly similar regardless of the type of the comparison disk (Fig. 2) . The matches of the two naïve subjects (Fig. 2, PN and SY) with non-identical comparison disk are slightly lower than the matches with identical comparison disk. In the following experiments, the comparison disk was identical to the central part of the stimulus.
When the central patch of the disk was unmodulated and the outer ring contained texture (Fig. 1C) , the brightness of the central patch was substantially reduced (Fig. 3) : over 70% for two subjects and at least 50% for the third subject. The SF content of the outer ring did not have any systematic eVect on perceived brightness (Fig. 3) . In some cases (e.g., Fig. 3 , VS, lowest data point), the subjects judged the standard stimulus to be brighter than the comparison stimulus only if the mean luminance of the comparison stimulus was below the luminance of the large background (i.e., of diVerent polarity than the standard stimulus), and perceptually, the brightness of the central patch matched the luminance of the large background. In the reversed condition-when the outer ring was unmodulated and the central patch of the disk contained texture (Fig. 1D) -the brightness of the center was also reduced regardless of the spatial frequency of the texture, but to a lesser extent (Fig. 3) . As a control, the brightness of the outer ring was also measured. Under both conditions, the brightness of the outer ring was approximately veridical.
When the stimulus was segmented into two parts by texture, that is, when both the central patch and the outer ring contained textures, the brightness of the center was also reduced. The reduction, however, depended on the SF content of the outer ring and the SF diVerence between the central patch and the outer ring. When the outer ring contained medium or low SF texture (Fig. 1F) , the brightness of the center was reduced and the reduction increased as the diVerence between the SF content of the textures increased ( Fig. 4A and B) . When the outer ring contained a high SF texture (Fig. 1E) , the brightness of the center was also reduced (2 of 3 subjects), but the SF had only a minor eVect (Fig. 4C) . When the textures contained the same spatial frequencies, but were separated by a phase diVerence (Fig. 1F) , a small amount of reduction was found (conditions marked with arrows in Fig. 4 ). There are some diVerences in the shape of the Wtted functions between the subjects. However, each subject showed a clear tuning for spatial frequency when the outer ring contained low or medium SF texture ( Fig. 4A and B) .
Brightness was reduced most eVectively when the SF diVerence between the center and surround textures was more than one octave ( Fig. 4A and B) . Since the textures were one octave wide, brightness reduction was strongest when the SF content of the two textures did not overlap. To further quantify the bandwidth of the brightness reduction, one subject measured the brightness of the central patch in one more condition. The outer ring contained a 4-octave band noise texture centered at 3 c/deg and the spatial frequency of the center texture was varied (center bandwidth 0.5 or 1 octaves). With both center texture bandwidths, virtually identical results were obtained (Fig. 5) . The bandwidth (full-width at half-height) of the Wtted Gaussian is 1.4 octaves. Thus, it is the SF diVerence between the textures, not the bandwidth of the textures that determines the strength of the reduction.
When the central patch and the outer ring contained textures composed of diVerent orientation (instead of SF) bands, the brightness of the central patch was also reduced. However, the reduction depended neither on the orientation bandwidth nor the orientation diVerence between the textures (Fig. 6 ).
Discussion
Uniform noise textures covering the whole stimulus did not have any eVects on perceived brightness: the subjects were able to judge the brightness (perceived mean luminance) of the modulated patch. The most striking result was that the brightness of the unmodulated center of the stimulus was substantially reduced when the outer ring of the stimulus contained a texture. In the reversed condition (center texture surrounded by unmodulated ring), brightness was also reduced, although to a lesser extent. The brightness of the outer ring, however, was approximately veridical under both conditions. The results support the idea of a Wlling-in type of processing in brightness perception and suggest that brightness spreads inwards from the luminance border until the texture ends and the texture captures the brightness information.
When the stimulus was segmented into two regions by diVerent textures, the brightness of the center texture was again reduced. Furthermore, the reduction depended on the spatial frequency diVerence between the textures; the bandwidth of brightness spreading was estimated to be »1.5 octaves, which is compatible with the bandwidth of typical cells in primary visual cortex (e.g., DeValois, Albrecht, & Thorell, 1982) . The reduction did not, however, depend on the orientation diVerence between the textures. Thus, the results suggest that the mechanism of brightness perception is tuned to spatial frequency, but not to orientation. A phase diVerence between textures produced strong Wgure-ground segregation, but it did not cause much reduction in brightness. The results are in favor of low-level explanations of brightness processing and suggest that brightness information spreads only between neurons that have similar spatial frequency characteristics.
In accordance with previous studies (Nam & Chubb, 2000) , our results show that the subjects were able to judge the brightness or the mean luminance of the modulated patches veridically. Thus, the eVect we measured is not a consequence of using modulated patches instead of unmodulated stimuli. The surrounding contrast aVects the perceived contrast of the stimulus (Chubb, Sperling, & Solomon, 1989) . However, it is unlikely that a surround contrast could have caused the eVect we measured, since the contrast of the whole stimulus (center and surround) was equal in all conditions, and the subjects matched the brightness of the stimulus instead of contrast. Further, although our stimulus did not contain luminance border between the textures, the luminance polarity changes locally along the texture border. This, however, cannot explain the results since small local increments and decrements should cancel each other out. It is well known that processing of increments and decrements is asymmetric and recent data of Zemach (2004, 2005) suggests that darkness induction is stronger than lightness induction. Thus it is possible that the local decrements in the texture might have stronger eVect on brightness than local increments. However, this kind of asymmetry should aVect to the brightness matches in our control experiment, in which the standard and comparison disk had diVerent contrasts. Some of the matches of the naïve subjects diVer from the veridical mean luminance of the stimulus. However, this is probably due to quite demanding matching task. Furthermore, the spatial frequency speciWcity we found would be diYcult to explain with surround contrast, local polarity changes or asymmetric processing of lightness and darkness.
Previous studies have shown that textured surround, or articulation, has an eVect on brightness (Bressan & ActisGrosso, 2006; Gilchrist & Annan, 2002; Schirillo, 1999; Schirillo & Shevell, 1996 Shevell & Wei, 1998) . In all of the previous studies, the textured surround and the center have diVered also in the mean luminance. Here we show that textured surround aVects brightness also without any diVerence in the mean luminance between the center and the surround. It has been suggested that the contrast of the textured surround modulates the signal of contrast border (Shevell & Wei, 1998) . In our stimulus, however, there is no luminance contrast signal between the center and surround to be modulated. The eVect of textured surround has also been explained by strengthening the anchoring of lightness values (Gilchrist et al., 1999) . According to anchoring theory (Gilchrist et al., 1999) , the central patch and the surrounding annulus of our stimulus would belong to diVerent local frameworks and have diVerent anchors of lightness and thus appear diVerent. However, the phase diVerence between the center and surround caused also clear Wgureground segregation, but did not have much eVect on the brightness. Subjectively, under some conditions, the stimulus (especially with low SF content) appeared as having two layers: the unmodulated central patch appeared to "Xoat" in front of the surrounding texture. Indeed, transparency and image layers can aVect brightness perception dramatically (Anderson & Winaver, 2005) . However, it is not clear how anchoring or image layers would explain the spatial frequency speciWc eVects. The ineVectiveness of the phase diVerence and the speciWcity for spatial scale but not for orientation are in favor of low-level explanations of brightness processing. Indeed, the dissociation between spatial frequency and orientation tuning may seem surprising. Luminance borders of the surface are usually broadband and thus contain similar information at diVerent spatial scales. A narrow SF band is suYcient for brightness calculation (Peromaa & Laurinen, 2004; Salmela & Laurinen, 2005) . However, a narrow orientation band is not necessarily suYcient for brightness perception, e.g., the constant brightness of objects of diVerent shapes and orientations might require combining information at diVerent orientations.
Recently, Dakin and Bex (2003) suggested that brightness perception is based on the ampliWcation of the low spatial frequency structure of the image. Boosting the low spatial frequencies in a given image would change the SF structure of the image to resemble more the SF structure of natural images. However, if we compare the data points (Figs. 2-5) corresponding to the textures containing the lowest and highest spatial frequencies, only a few of them diVer. Thus, stimuli containing low spatial frequencies do not appear brighter than the stimuli containing high spatial frequencies. In agreement with Dakin and Bex (2003) , our results suggest SF speciWcity of brightness processing. However, instead of a lowpass tuning, our results suggest that the mechanism mediating brightness information is bandpass tuned.
Our results show that texture borders are able to interfere with brightness perception. Spatial frequency speciWc Wlling-in mechanism sensitive to texture borders could account for the results: mechanism signaling the luminance border between the stimulus and the background trigger brightness spreading and brightness spreads until the texture border is encountered. The surrounding texture captures the brightness signal and the central part of the stimulus is perceived as having the same brightness as the background or the mean luminance of the display. However, when the stimulus was segmented into two regions by diVerent textures, brightness reduction depended on the spatial frequency of the surrounding region and the spatial frequency diVerence between the textures (see also Laurinen, Olzak, & Peromaa, 1997) . This suggests that it is the relative diVerence between the textures that disturbs the brightness signal instead of the texture border as such. Rudd and Arrington (2001) have suggested that the contrast of an edge determines how much it blocks the brightness signal. Similarly, in our stimulus the amount of blocking is determined by the SF diVerence at the texture border. Thus, brightness is able to spread from one textured area to another if the SF diVerence between the areas is less than an octave. Our results are in agreement with physiological Wndings of brightness cells in visual cortex and suggest that brightness information spreads between neurons with similar spatial frequency properties. This primary representation of brightness may then be modulated by anchoring and other higher-level processes.
